In this study, an experimental investigation on performance of solar driven with direct current (DC) motor vapor compression refrigerator through indoor and outdoor tests with/without thermal storage and with/without loading is carried out in hot arid areas. The experimental setup main components are multi-crystalline Photovoltaic (PV) module, battery as a buffer for constant 12V DC and 50 liter portable refrigerator with/without PCM thermal energy storage. In addition, a theoretical model is established to evaluate the refrigerator performance when operated under different environmental conditions of the design point. Thereafter the model is used to size a larger cooling capacity solar driven refrigerator. The results show that this system can be used in remote hot arid areas for refrigeration of post-harvest crops transportation activities. From outdoor results at PCM -full load condition, a COP of 1.22 is achieved and storage temperature of 5 °C is achieved at third day and 0 °C at sixth day.
Introduction
Renewable Energy Resources is being utilized to provide an electrical power source through using appropriate technologies like PV, Wind Turbine or Hybrid Technology associated with storage system to provide the needed power during the period when these renewable energy resources are not available. There are many agriculture crops that are being implanted at new reclaimed areas at Egypt deserts. In order to deliver such crops at high product quality, after harvest, to the consumers, it's recommended that to control its storage environment at both appropriate temperature and humidity level to maintain highest product quality for longer time. DC motor vapor compression refrigeration systems provide an effective heat sink (cold storage) to be utilized for this purpose. However, each crop requires specific cold storage conditions that have specified storage temperature and relative humidity [1] . Moreover, in order to transport different crops in the same carriage, a solar driven DC refrigeration transportable system is suggested to be used. Such system is proposed to transfer these products to the crops major markets based on a lack of the national electrical grid connection at these remote area as well as this system is transportable. Bacon [2] , experimentally investigated performance of DC driven vapor compression refrigerator and indicated that COP increased about 27 % by using DC driven compressor. Modi et al. [3] , achieved a COP of 2.102 for a solar powered Alternating current (AC) refrigerator at ambient temperature around 42 °C. Axaopoulos and Theodoridis [4] , experimentally tested a solar driven DC variable speed compressor refrigerator with an ice storage tank to store energy in, it had the advantage of being small as its size was smaller by about 14 -21% compared to a chilled water store, and 40 -48% compared to stores with eutectic salts. For variable speed compressor Ekren et al. [5] , experimentally concluded that DC compressor could be much more efficient than constant speed operation as variable speed DC compressor provided more than 4% improvement in exergy efficiency, and more than 7% improvement in COP compared to constant speed.
Nomenclature
The aim of this study is to carryout performance evaluation of solar driven DC refrigeration transportable system and optimization of the system components. In this study, solar driven vapor compression refrigerator is suggested as an alternative system to be modeled [6] , installed, tested and its performance to be investigated [7] at New Borg Al-Arab city, Egypt in 2014. The refrigerator is driven by the DC power output from PV module. Phase Change Materials (PCM) is utilized as thermal storage to cover the cooling demand during sunset time. The experiment is carried out at two different conditions: (1) without PCM and (2) with PCM at no-load and full load conditions.
Theoretical model
To evaluate the solar refrigerator performance when operated under different environmental conditions, a theoretical model is established. Beginning with refrigerator modeling which is carried out based on ASHRAE Refrigeration Handbook [8] . The total refrigeration load Q T is calculated as follows:
Transmission heat gain is determined from,
The product load (load and PCM) inside refrigerator is calculated as follows:
After modeling the evaporator, the DC compressor that fit the required cooling load is modeled. Its data sheet is fitted to get the working equations (Power -cooling capacity) for the compressor at different evaporator working temperatures. This lead to photovoltaic modeling, an approximate expression for calculating the cell temperature t Cell is given by [9] ,
Cell Air
NOCT -20 t =t + S 80 (5) Cell at different surface temperature the following relation is used [10] (6) to determine the total size of PV module required to fit the compressor input power [11] . First the required total PV area is determined,
Then determine the peak power output from the total PV modules, 
Finally number of PV panels could be determined by using following equation,
The sizing of PV system is carried out to fit the required cooling load of the refrigerator at PCM -full load condition. It was found that single Philadelphia multi-crystalline PV panel used in this experiment fit the required cooling load needed by 50 lit DC refrigerator.
Experimental setup
The experimental setup has solar driven DC refrigeration transportable system which consists of PV system and refrigerator. PV system consists of PV panel used to produce electrical energy. This PV panel is connected to a UPS which used to charge a 12 V battery. This battery is used to provide a regular 12 V DC to 50 l refrigerator. This refrigerator is used to store vegetables and fruits like grapes, peaches, peas, strawberry, artichokes bean, hot pepper, orange and pomegranate. The overall system energy path is shown in Fig. 1 . PV panel used in this system is single Philadelphia multi-crystalline solar module PS-P36 with nominal power of 130 W and efficiency of 13% installed at roof of our department lab shown in Fig. 2-a. A K-type (Chromel -Alumel) TC-Direct self-adhesive patch thermocouple is installed at the surface of PV panel to measure the surface temperature of the panel. The main
Cell at different surface temperature. A portable WAECO CoolFreeze CFX50 compressor cooler with capacity of 50 liter and average input power of about 52 W is used as refrigerator. Its temperature range is +10 °C to -22 °C and it's suitable for solar operation as it can work with DC input voltage. Its dimensions is 661 mm * 471 mm * 455 mm (L * W * H), insulated with polyurethane foam and outer frame and lid are from Polypropylene. Working refrigerant is R-134a. Temperature inside refrigerator is set at 5 °C at without PCM condition and at -10 °C at with PCM condition to be sure that PCM reaches its phase condition. The refrigerator is then connected to the battery. A schematic diagram of the indoor and outdoor setup is shown in Fig. 2-b and Fig. 2-c . As mentioned before temperature is measured by k-type thermocouple, they are 33 thermocouple installed and distributed at several locations on refrigerator inner and outer surfaces, inside stored load, PCM surfaces and at PV module surface to grantee measuring variation of temperature of refrigerator. These thermocouples are calibrated at 0 and 100 °C and its errors are calculated. From Fig. 3 it can be seen that thermocouples at 0 °C calibration varied from -0.3 to 0.7 °C and at 100 °C calibration, it varied from 99.5 to 100 °C. To monitor, scan and record these large amounts of data, an NEC DC6100 remote scanner data logger is used. It's connected to a computer to save measured data to. To determine input compressor power, Comp P = I.V (11) Input voltage is measured across the battery and input current is measured by using Allegro™ ACS712 current sensor and they both are connected to data logger. PCM used is Rubbermaid reusable Blue Ice®; it's installed all around the evaporator inner surface (7 from weekender pack and 13 from mini pack). Weather data like ambient temperature, relative humidity, solar radiation and wind speed are measured and collected by PortLog Weather Station installed next to PV module.
The performance of the refrigerator is tested at two different working conditions: (1) without PCM and (2) with PCM at no-load and full load from sunrise for continuous three days or more. The battery at the beginning of the test is discharged and temperature inside the refrigerator is the same of surrounding ambient temperature. In daytime the PV module convert solar energy into electrical energy which is collected and stored in battery to be used by the refrigerator. At night, the refrigerator runs using the excess stored energy in battery at without PCM condition. While operating with PCM, the refrigerator is switched on at sunrise and off at sunset therefore the performance of the PCM is evaluated. At full load condition, Water bottles is installed inside refrigerator and act as storage media as water density and specific heat are with the same range with targeted vegetables and fruits as shown in Table 1 . 
Performance results and discussion
For performance of a solar driven refrigerator two conditions is considered at no load and full load. At the first condition refrigerator temperature was set at 5 °C. And at second condition temperature was set at -10 °C. These tests were performed at June, July, August and September of 2014 at New Borg Al-Arab City in Egypt. For the performance of without PCM at no load indoor condition, evaporator is empty and refrigerator runs continuously for three days beginning from indoor room ambient temperature. Surrounding ambient air temperature reaches 26.5 °C and a maximum tilted solar radiation (T.S.R.) of 670 W/m 2 was achieved during third day. Also compressor input power is stabilized during three days at maximum of 64.5 W and evaporator load achieved maximum of 22 W. The overall achieved COP is 2.51 during working three days.
Without PCM performance
For the performance of without PCM at full load indoor condition, refrigerator is fully filled with 21 water bottles (about 1 lit each) and refrigerator runs continuously for four days beginning from indoor room ambient temperature, thermocouples are installed inside water bottles to measure variation of load temperature. Fig. 4 shows variation of ambient air temperature, T.S.R., compressor input power, evaporator load, highest (red) and lowest achieved water temperature and condenser temperature. From Fig. 4 it could be seen that surrounding ambient air temperature reaches 30.3 °C at first day and a maximum T.S.R. of 707 W/m 2 was achieved during third day. Also it can be seen that compressor input power is stabilized during four days at maximum of 68.5 W except at beginning of second day as battery was discharged and it began working again by sunrise and water load temperature achieved required set temperature 5 °C at second day. The overall achieved COP is 2.28 during working four days. PCM are installed to cover all four evaporator wall and thermocouples are installed at its surface to measure variation of PCM temperature. Performance of the system is measured indoor and outdoor. For the performance of PCM at no load indoor condition, Fig. 5 shows variation of ambient air temperature, T.S.R., compressor input power, evaporator load, PCM temperature (red is highest one and black is lowest) and condenser temperature. From Fig. 5 it could be seen that surrounding ambient air temperature reaches 30.4 °C and a maximum T.S.R. of 716 W/m 2 . Also it can be seen that input compressor power began to stabilize during second day as PCM began to charge and store thermal energy in it. The overall achieved COP is 1.25 during working for about five days.
With PCM performance
For the performance of PCM-full load indoor condition, refrigerator is filled with 17 water bottles (1 lit each). Fig. 6 shows variation of ambient air temperature, T.S.R., compressor input power, evaporator load, PCM and water temperature (red is highest one and black is lowest) and condenser temperature. From Fig. 6 it could be seen that surrounding ambient air temperature reaches 32 °C and maximum T.S.R. of 625 W/m 2 . Also it can be seen that PCM reaches phase change at third day and water reaches 5 °C at second day and 0 °C at fourth day. The overall achieved COP is 1.32 during working for six days which is higher than that of PCM-no load condition. This is due to variation of T.S.R. at PCM no load condition
The performance of PCM-full load outdoor condition is shown in Fig. 7 for about continuous 23 days, it could be seen that compressor input power varies with the variation of input T.S.R.. Also water temperature reaches 5 °C at fifth day and reaches 0 °C at ninth day. Then it stabilizes around 0 °C for remaining days. The overall achieved COP is 1.22 during working 23 days. 
Conclusion
The performance of a PV solar driven DC vapor compression refrigerator with thermal storage is presented in this paper indoor and outdoor. Also a theoretical model is carried out to evaluate the solar refrigerator sizing and performance when operated under different environmental conditions of the design point. This theoretical model is used to size a larger cooling capacity solar driven refrigerator as well. The results show that this system can be used in remote hot arid areas for refrigeration of post-harvest crops transportation activities. It was found that single Philadelphia multi-crystalline PV panel used in this experiment fit the required cooling load needed by 50 lit DC refrigerator. For the operation of refrigerator with/without PCM, despite the higher COP in the without PCM condition, but it can be seen that when there is a lack in solar energy, refrigerator begin to loss its thermal energy faster than when PCM is installed and nothing to compensate it until solar energy is available. For PCM-full load condition, it could be seen that COP of refrigerator at indoor condition is higher than that of outdoor one. Also product stored in refrigerator reached required storage temperature first. This is due to difference in surrounding ambient temperature.
